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Spanwise ridge iceAbstract In this paper, the effects of icing on an NACA 23012 airfoil have been studied. Exper-
iments were applied on the clean airfoil, runback ice, horn ice, and spanwise ridge ice at a Reynolds
number of 0.6  106 over angles of attack from 8 to 20, and then results are compared. Gener-
ally, it is found that ice accretion on the airfoil can contribute to formation of a flow separation
bubble on the upper surface downstream from the leading edge. In addition, it is made clear that
spanwise ridge ice provides the greatest negative effect on the aerodynamic performance of the
airfoil. In this case, the stall angle drops about 10 and the maximum lift coefficient reduces about
50% which is hazardous for an airplane. While horn ice leads to a stall angle drop of about 4 and a
maximum lift coefficient reduction to 21%, runback ice has the least effect on the flow pattern
around the airfoil and the aerodynamic coefficients so as the stall angle decreases 2 and the
maximum lift reduces about 8%.
 2016 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Nowadays, the cold weather condition is considered a critical
factor in design, analysis, and performance tests of airplanewings.1 Only from 1990 to 2005, there have been 240 reports
of aviation accidents due to icing, and most of them included
icing on aircraft wings.2 Typically, icing is among the most
serious hazards for various aircraft. Presence of tiny pieces
of ice or supercooled liquid water in the clouds, which remain
liquid below zero degree, is the source of icing during a flight.
These drops may immediately or with a short delay change
into ice on surfaces having no anti-icing or deicing system.
Icing may begin at temperatures near 0 C or it might be
delayed up to 40 C.3 This phenomenon usually takes place
at heights of 22000 feet and beyond where there can be super-
cooled liquid water.2,4 Whereas, according to some reports, in
winter, icing is usually serious at heights between 7000 and
586 S.G. Pouryoussefi et al.9000 feet above the sea level and it rarely occurs above 20000
feet.3 On the whole, aircraft icing is known as a situation in
which supercooled liquid water turns into ice on wings, air-
frames, engines, rotors, etc., that in turn disturbs the airflow.
According to the Federal Aviation Agency, icing occurs when
there is observable humidity in the air and surface temperature
drops below the freezing point. It is worth to note that the
icing level, rate, and form depend on factors such as liquid
water content, drop size, airplane surface temperature, veloc-
ity, icing duration, surface roughness, etc. In addition, the
types of cloud and airplane, flight conditions, as well as anti-
icing systems performance affect the icing phenomenon.3
In recent years, there have been a number of incidents due
to icing which have led to several simulations conducted for
numerical and experimental research to find out about the
icing concept on an airplane. So is today; a great deal of
research is carried out to have a better understanding of icing
on an airplane in order to design better deicing equipment.5 On
the basis of various geometrical shapes of ice, it can be classi-
fied into 5 different groups: (1) roughness ice, (2) horn ice, (3)
streamwise ice, (4) spanwise ridge ice, and (5) runback ice.6
Anti-icing systems usually employ heat to prevent supercooled
liquid water from icing. These systems are typically installed
on the wing leading edge where water drops tend to strike a
wing. Although the use of such systems can stop the leading
edge from freezing, a little water may turn into ice downstream
from the leading edge (in the back of the anti-icing system) that
usually forms runback ice or spanwise ridge ice. Furthermore,
if for any reason, the anti-icing system fails, drops that strike
the leading edge may change into ice; this process may lead
to formation of horn ice on the leading edge.6,7
Since airplane efficiency and flight safety reduce under icing
conditions, it is of extreme importance to have a thorough
understanding of flow field physics around an iced airfoil
and a prediction of aerodynamic behaviors of the wing. In a
variety of research,3,7–10 it is found that icing mostly occurs
around the leading edge and the geometrical shape of the ice
on the airfoil surface provides a backward-facing step (BFS)
flow pattern. In other words, ice accretion can lead to forma-
tion of a laminar separation bubble downstream from the lead-
ing edge of the iced airfoil (Fig. 1).7
Roberts8 and Bragg et al.10 explained the flow around an
iced airfoil as follows. A transitional or laminar flow separates
from the ice tip due to severe reverse pressure gradient. Subse-
quently, between its high-speed upper flow and low-speed
lower flow, an unstable and unsteady shear layer called sepa-
rated shear layer is formed which finally leads to the forma-
tion, growth, and alternate vortex shedding. In fact, vorticity
first rolls up in the shear layer and leads to formation of vor-
tices. Then, adjacent vortices roll up in the separated shear
layer, pair and merge, as moving downstream, to form larger
vortices (having coherent structure). Following the flow sepa-Fig. 1 Schematic of formation of leading edge separation bubble
on the iced airfoil.7ration (at point S), a region with relatively constant pressure
(suction area) is created which delays the pressure recovery
(flow recovery) until the flow regime changes to turbulent flow
(i.e., at about point T) (see Fig. 2). Vortex motion within the
separated shear layer makes the high-momentum upper flow
(out of the separation bubble) merge (mixing phenomenon)
with the low-speed lower flow (inside the separation bubble).
Generally, this mixing phenomenon is concurrent and coupled
with the shear layer transition process at low angles of attack
and contributes to the pressure recovery through energizing
the separated shear layer. As a result, the flow reattaches to
the airfoil surface (at point R). This reattachment point is
unstable and unsteady (Fig. 1). The distance between point S
and point R is known as the separation bubble length. Mean-
while, due to a pressure gradient increase on top of the airfoil
(the suction side) at high angles of attack, the pressure recov-
ery process (flow recovery) cannot be implemented properly,
preventing the separated shear layer from attaching to the air-
foil surface. This process is the cause for the early stall state
and reduction in the stall angle of the iced airfoil.
Over the past years, there have been many researches on
studying icing effects on various airfoils. Lee and Bragg11
based their research in 1999 on an iced NACA 23012 airfoil
at a Reynolds number of 1.8  10.6 They found that when
ice was formed at certain points of the airfoil, a long separa-
tion bubble was formed downstream from the ice. Further-
more, they reported a noticeable decrease in the maximum
lift coefficient and a remarkable change in the drag coefficient
due to ice displacement. Miller et al.12 and Addy13 investigated
formation of spanwise ridge ice based on performance of anti-
icing systems. In 2009, Mirzaei et al.14 studied the characteris-
tics of the flow field around an NLF-0414 iced airfoil in 2009
and reported variations in bubble length versus angle of
attack. In 2010, effects of runback icing on an NACA 23012
airfoil were studied by Broeren et al.6 Three years later,
Diebold et al.15 identified iced swept-wing aerodynamics and
classified ice shapes into 4 major groups, namely, roughness
ice, horn ice, spanwise ridge ice, and streamwise ice. Lately,Fig. 2 Analysis of airflow and pressure distribution for a
laminar separation bubble of leading edge on iced airfoil.8
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the flow field around a horn iced airfoil NACA 0012 which
came up with identification of low-frequency mode of ice-
induced oscillations. They also introduced the relation between
unsteady shear layer reattachment location and unsteady air-
foil pressure distribution.
As previously mentioned, in spite of improvement of anti-
icing and deicing systems on newly designed airplanes, acci-
dents caused by icing in recent years highlight the necessity
of study on this phenomenon. In this research, the impacts
of ice accretion on flow pattern and aerodynamic coefficients
of an NACA 23012 airfoil at a Reynolds number of
0.6  106 over different angles of attack have been experimen-
tally studied using pressure distribution analysis around the
iced airfoil. To that end, by comparing the various geometries
of iced airfoils including horn ice, spanwise ridge and runback
ice, for the first time, the mechanism of icing effect on the aero-
dynamic performances of the airfoils has been categorized and
clarified in two main groups: (1) local effect and (2) basic
effect, and the characteristics of each one have been described.
2. Experimental details
The experiments were conducted in a low-speed, open-circuit
wind tunnel in the aerospace engineering department at K.N.
Toosi University of Technology. The wind tunnel includes a
closed-wall rectangular test-section which is 1.2 m wide, 1 m
high, and 3 m long (see Fig. 3). Under uniform flow condi-
tions, the longitudinal free-stream turbulence intensity was less
than 0.15%, and the velocity non-uniformity across the test-
section was ±0.5%. In addition, with respect to the test-
section dimensions, airfoils’ model size, and tests’ angles of
attack, the maximum blockage ratio was about 8%.
The geometries of the iced airfoils including the horn ice
(EG1164), spanwise ridge ice (EG1159), and runback ice
(NG0671) fabricated for this study were taken from Ref. 6 in
which ice geometries were identified according to tests done
at NASA Icing Research Tunnel (IRT) under various condi-
tions such as temperature, speed, droplet size, and icing dura-
tion (see Fig. 4). Table 1 presents the conditions in which these
three types of ice were formed.
The airfoil chord and span lengths were 35.4 cm and 75 cm,
respectively, and the airfoils were made of plexiglass (aspect
ratios of models were approximately 2). Firstly, the models
surfaces were finished (smoothed), followed by painting and
polishing in order to reach a surface roughness of 0.5 lm.
Furthermore, as Fig. 5 shows, in order to measure pressureFig. 3 Wind tunnel used in the present study.on the surface of the airfoils, 18 pressure taps on the upper
surface and 10 pressure taps on the lower surface, each with
a diameter of 0.6 mm, were made around the airfoil mid-
span (in zigzag arrangement). As Fig. 6 shows, more pressure
taps have been considered on the upper surface of the airfoils
in order to conduct a closer study on the flow separation on
this surface.
In order to measure the pressure distribution on the airfoil
surface, a pressure measurement system including Honeywell
DC005NDC4 pressure transducers, a National Instruments
32 channel 16 bit A/D PCI-6224 electronic board, LabVIEW
software, F.F.S (Farasanjesh(pressure field data-processing
application, and a personal computer was used. To measure
the average pressure factor, the duration of each pressure
recording was chosen as 20 s, and a sampling rate of
1000 Hz was utilized. In addition, to calculate the average
aerodynamic coefficients, a pressure distribution method was
employed. According to the accuracy of the measurement sys-
tem and the conditions set for the tests, the uncertainties of the
measurements of the pressure, lift, drag, and moment coeffi-
cients were estimated at Cp ± 0.01, CL ± 0.002, CD ± 0.002,
and Cm,LE ± 0.001, respectively. In this study, the pressure
coefficient (Cp), lift coefficient (CL), drag coefficient (CD) and
leading edge pitching moment coefficient (Cm,LE) have been
determined as follows: Cp = (p  p1)/(0.5qV21), CL = L/
(0.5q V21c), CD = D/(0.5q V
2
1c), Cm = m/(0.5qV
2
1c
2), where
p is the mean static pressure on the airfoils surface, p1 the
free-stream static pressure, L the lift force, D the drag force
(pressure drag), m the leading edge pitching moment, q the
air density, V1 the free-stream velocity, and c the chord length
of the airfoils.
In this study, three different icing geometries including
spanwise ridge ice, horn ice, and runback ice were tested at a
Mach number of 0.075 and a Reynolds number of 0.6  106
based on the length of the airfoil chord and the free stream
velocity (25 m/s). The results were compared with those of
the clean airfoils. Noteworthy is that during the experiments,
the conditions of the reference flow were continuously mea-
sured and monitored by means of a Pitot-static tube and a
high-resolution digital micromanometer (Testo 0560-5126).
In addition, experiments were conducted at 15 different angles
of attack from 8 to +20 (with a 2 degree angular pitch).3. Results of the pressure distribution and discussions
3.1. Clean airfoil
Fig. 7 shows that as the angle of attack increases from 8 to
2 on the clean airfoil, the pressure coefficient on the upper
surface gradually decreases and the pressure coefficient on
the lower surface increases at the same time. Fig. 8 shows that
by entering into positive values of the angle of attack, the
curves of the upper surface pressure touch a peak point indica-
tive of suction downstream from the airfoil’s leading edge
which increases as the angle of attack increases. Meanwhile,
unlike the upper surface, the pressure coefficients of the
airfoil’s lower surface increase with an increase in the angle
of attack. On the other hand, it is clear from Fig. 8 that the
pressure coefficient of the first pressure tap on the airfoil’s
leading edge (x/c= 0) is nearly equal to the pressure
coefficient of the stagnation point, that is, Cp = 1, confirming
Fig. 4 Schematic of NACA 23012 iced airfoils.6
Table 1 Conditions of ice accretion on airfoil NACA 23012.6
Ice-shape classification IRT run No. Air speed (kn) a () MVD (lm) LWC (gm3) Total
temperature
Static
temperature
Spray time (min)
(F) (C) (F) (C)
Horn EG1164 175 5.0 20 0.85 28.0 2.2 20.8 6.2 11.3
Runback NG0671 141 1.1 28 0.91 22.9 5.1 18.2 7.7 22.5
Spanwise ridge EG1159 150 1.5 20 0.81 20.0 6.7 14.8 9.6 15.0
Notes: IRT, Icing Research Tunnel; a angle of attack; MVD median volume diameter; LWC liquid water content;1 kn = 1.852 km/h.
Fig. 5 Views of airfoil model and pressure taps locations.
Fig. 6 Coordinates of pressure taps on NACA 23012 clean
airfoil.
Fig. 7 Pressure coefficient in terms of x/c at angles of attack
8, 4, and 2 for the NACA 23012 clean airfoil.
Fig. 8 Pressure coefficient in terms of x/c at angles of attack 0,
588 S.G. Pouryoussefi et al.that the experiments have been done correctly. In addition,
comparing the pressure distributions on the upper and lower
surfaces of the airfoil, shown in Figs. 7 and 8, it can be found
that as the angle of attack becomes positive, the pressure and
suction sides of the airfoil will be switched. It is evident from
Fig. 9 that as the angle of attack increases up to 10, suction
keeps increasing on the leading edge of the upper surface of
the airfoil and the pressure curve peak position approaches
to the leading edge. In addition, as the angle of attack
increases, the position of the stagnation point in front of the
airfoil on Cp = 1 over the leading edge at a 0 angle of attack
is displaced a little downstream from the airfoil on the lower2, and 4 for the NACA 23012 clean airfoil.
Fig. 9 Pressure coefficient in terms of x/c at angles of attack 6,
8, and 10 for the NACA 23012 clean airfoil.
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positioned at x/c  0.02 on the lower surface.
According to Fig. 10, as the angle of attack increases up to
16, suction keeps increasing continuously on the leading edge
of the upper surface so that the minimum pressure coefficient
reaches Cp = 3.19 and Cp = 3.56 on 12 and 16 angles of
attack, respectively. Furthermore, one can see that as the angle
of attack increases, the stream stagnation point in front of the
airfoil keeps moving away from the leading edge on the lower
surface; as a result, at a 16 angle of attack, the stagnation
point is positioned at x/c  0.06. While at an 18 angle of
attack, the flow pattern around the airfoil undergoes a funda-
mental change and the airfoil stalls; as a result, the stagnation
point returns to x/c  0.02 on the lower surface. On the other
hand, having closer attention to the diagrams of the pressure
coefficient of the upper surface around the trailing edge (in
Fig. 10), one can see that at a 12 angle of attack, by moving
from the leading edge to the trailing edge, the pressure coeffi-
cient increases gently but continuously and a perfect pressure
recovery is done. Hence, it can be concluded that at this angle
of attack, the flow nearly touches the upper surface of theFig. 10 Pressure coefficient in terms of x/c at angles of attack
12, 16, and 18 for the NACA 23012 clean airfoil.airfoil and that a noticeable separation does not occur. How-
ever, at a 16 angle of attack, the reverse pressure gradient
increases flow separation around x/c  0.8 from the upper sur-
face and the airfoil surface pressure coefficient remains almost
constant over the separation region. Meanwhile, at an 18
angle of attack, the pressure distribution has a dramatic
change compared to previous angles due to the severe reverse
pressure gradient; by flow separation from the airfoil surface
near the leading edge (around x/c  0.1), the pressure coeffi-
cient on the upper surface has almost become constant
Cp = 0.65 which indicates that the airfoil may have stalled.
It is found from Fig. 10 that at stall angles and beyond, the
peak of the pressure curve (suction at the leading edge) on
the upper surface of the airfoil drops sharply due to a funda-
mental change in the flow pattern during the stall (i.e., flow
separation from the leading edge).
3.2. Horn iced airfoil
The horn iced airfoil due to having horns on the leading edge
has completely different pressure distribution diagrams com-
pared to the clean airfoil. As Fig. 11 shows, at 8 to 4
angles of attack, the pressure distribution on the upper surface
is nearly similar to that of the clean airfoil (Fig. 7); however as
the angle of attack increases, the effects of horn ice become
evident. Meanwhile, at a 8 angle of attack, the pressure dis-
tribution on the lower surface is completely different from that
of the clean airfoil. This difference is due to the effects of the
horn ice accretion over the leading edge of the airfoil (Fig. 4)
on the flow field downstream from the ice. In this case, there
is a constant pressure coefficient (Cp  1.08) from about
x/c  0.04 to x/c  0.21. This constant-pressure region is indica-
tive of a small separation bubble which is formed on the lower
surface of the airfoil behind the horn ice and gets smaller and
smaller as the angle of attack increases (up to 4).
Fig. 12 shows that similar to the clean airfoil, for the horn
iced airfoil, by increasing the angle of attack and entering into
positive values, the pressure and suction sides switch, i.e., the
lower surface turns to the pressure side and the upper surface
turns to the suction side. As Fig. 12 shows, when the angle of
attack increases more than 2, the effect of the horn iceFig. 11 Pressure coefficient in terms of x/c at angles of attack
8, 6, and 4 for the NACA 23012 horn iced airfoil.
Fig. 12 Pressure coefficient in terms of x/c at angles of attack 0,
2, and 4 for the NACA 23012 horn iced airfoil.
Fig. 14 Pressure coefficient in terms of x/c at angles of attack
12, 14, and 16 for the NACA 23012 iced horn airfoil.
590 S.G. Pouryoussefi et al.accretion on the flow pattern of the lower surface becomes neg-
ligible; subsequently, the pressure distribution on the lower
surface of the horn iced airfoil becomes almost similar to that
of the clean airfoil. Whereas, due to the reverse pressure
gradient, a relatively small separation bubble generates behind
the tip of the horn ice on the upper surface of the iced airfoil
that causes a pressure coefficient reduction on the leading edge
of the upper surface of the airfoil (see Fig. 12). In addition, as
seen in Fig. 13, by an increase of the angle of attack and
subsequently an increase in the reverse pressure gradient, the
suction in the ice separation bubble increases and the length
of the bubble also increases gradually, so that at a 10 angle
of attack, a constant-pressure region downstream from the
leading edge on the upper surface appears which is indicative
of the ice separation bubble length.
Fig. 14 shows that at a 12 angle of attack, due to the
increased reverse pressure gradient, the flow separates from
the upper surface of the airfoil around x/c  0.87, and a rela-
tively small separation region is formed near the trailing edge.
Yet, majority of the upper surface of the airfoil has a nearly
constant and gentle pressure gradient over which flow recovery
is slowly under proceeding. In fact, under such circumstances,Fig. 13 Pressure coefficient in terms of x/c at angles of attack 6,
8, and 10 for the NACA 23012 horn iced airfoil.the ice separation bubble is in a state between reattachment of
the flow to the airfoil surface (complete recovery) and complete
separation from the ice tip (failure to recover flow). On the
other hand, as the angle of attack is increased and the reverse
pressure gradient on the upper surface of the airfoil is intensi-
fied, an almost constant pressure distribution can be observed
from around x/c  0.07 at a 14 angle of attack and also from
the leading edge (ice tip) at a 16 angle of attack to the end of
the trailing edge. Hence, it can be concluded that at these
angles, the iced airfoil is stalled.
3.3. Spanwise ridge iced airfoil
There are generally two flow bubbles around a spanwise ridge
iced airfoil: (1) a small flow bubble in front of the ice accumu-
lation whose flow pattern is similar to that of forward-facing
step flow, and (2) a separation bubble behind the ice accumu-
lation whose flow pattern is similar to that of backward-facing
step flow.7,17 As it is obvious in Fig. 15, at negative angles ofFig. 15 Pressure coefficient in terms of x/c at angles of attack
8, 6, and 4 for the NACA 23012 spanwise ridge iced
airfoil.
Fig. 17 Pressure coefficient in terms of x/c at angles of attack 6,
8, and 10 for the NACA 23012 spanwise ridge iced airfoil.
Fig. 18 Pressure coefficient in terms of x/c at angles of attack
12, 14, and 20 for the NACA 23012 spanwise ridge iced airfoil.
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the pressure distribution on the upper surface of the airfoil,
but the effect of the rear separation bubble (downstream) is
more significant because by increasing the angle of attack,
the length of this bubble is slightly larger. It should be noted
about the spanwise ridge ice that unlike the horn ice, the effect
of icing on the pressure distribution over the upper surface of
the airfoil is also noticeable at negative angles of attack.
Fig. 16 shows that at positive angles of attack, the separation
bubble length keeps increasing while the angle of attack
increases. In addition, as the angle of attack increases, the
pressure coefficient increases on the lower surface. While
roughness resulting from limited ice accretion on the lower sur-
face of the airfoil around x/c  0.11 (Fig. 4) has no significant
effect on the flow pattern, it has negligibly changed the pres-
sure distribution on the lower surface compared to that of
the clean airfoil (Fig. 7).
According to Fig. 17, as the angle of attack increases at 6
and 8, the separation bubble length (constant-pressure region)
keeps increasing downstream from the ice accumulation.
Meanwhile, the pressure coefficient within the bubble region
increases from Cp  1.2 to Cp  0.9, simultaneously. Fur-
thermore, at a 10 angle of attack, the flow separated from
the ice tip will not reattach to the airfoil surface due to an
increased reverse pressure gradient on the upper surface. In
other words, the flow fails to recover (pressure recovery is
not done). As Fig. 18 shows, at angles of attack beyond 10,
due to the fact that the flow pattern has approximately become
identical, significant variation is not observed in the pressure
distribution diagrams of the upper surface with the exception
that as the angle of attack increases, suction increases a little
on the leading edge of the airfoil. This case is true for the pres-
sure distribution over the lower surface of the airfoil; the dif-
ference is that when the angle of attack increases, the
pressure on the lower surface increases a little. In addition, it
can be seen that at a 20 angle of attack, the flow separation
point is transferred from the ice tip toward the leading edge
due to intensification of the reverse pressure gradient on the
upper surface. On the other hand, since the flow separation
region is large in length, it can be certainly said that at a 10
angles of attack and beyond, the iced airfoil stalls (Figs. 17Fig. 16 Pressure coefficient in terms of x/c at angles of attack 0,
2, and 4 for the NACA 23012 spanwise ridge iced airfoil.and 18). Albeit, when the CL-a graph is examined, it becomes
clear that a state of stall has occurred a little earlier.
3.4. Runback iced airfoil
The pressure distribution on the surface of the runback iced
airfoil is shown at 5 different angles of attack from 10 to
18 in Figs. 19–23, respectively. Then the results are compared
with those of the clean airfoil. Generally, the comparison of
the pressure distributions of the runback iced airfoil and the
clean airfoil indicates that the runback ice accretion at 10 to
14 angles of attack locally affects the pressure distribution
on the upper surface of the airfoil. In fact, at these angles, a
relatively small flow separation bubble is formed downstream
from the ice accumulation which makes the pressure curve
experience a local oscillation around the ice accumulation.
Firstly, the pressure coefficient increases a little upstream from
the ice accumulation because the flow in front of the ice accu-
mulation behaves similarly to a forward-facing step flow. On
the other hand, downstream from the ice accumulation, the
pressure coefficient reduces locally due to the presence of a
Fig. 19 Pressure coefficient in terms of x/c at a 10 angle of
attack for the NACA 23012 runback iced and clean airfoils.
Fig. 20 Pressure coefficient in terms of x/c at a 12 angle of
attack for the NACA 23012 runback iced and clean airfoils.
Fig. 21 Pressure coefficient in terms of x/c at a 14 angle of
attack for the NACA 23012 runback iced and clean airfoils.
Fig. 22 Pressure coefficient in terms of x/c at a 16 angle of
attack for the NACA 23012 runback iced and clean airfoils.
Fig. 23 Pressure coefficient in terms of x/c at an 18 angle of
attack for the NACA 23012 runback iced and clean airfoils.
592 S.G. Pouryoussefi et al.separation bubble. Noteworthy is that the flow pattern behind
the ice accumulation is similar to a backward-facing step flow
and that as the flow distances from ice accumulation and
moves toward the trailing edge of the airfoil, the icing effect
on the pressure distribution fades.
It should be noted that as the angle of attack increases, the
amount of suction increases on the upper surface of the airfoil
leading to a gradual (little) increase in the separation bubble
length so that at a 14 angle of attack, there appears a rela-
tively small constant-pressure region indicative of the approx-
imate size of the separation bubble length (see Fig. 21).
Meanwhile, besides the icing separation bubble, the flow
separates again near the trailing edge of the airfoil (around
x/c  0.8) at a 14 angle of attack due to an increased reverse
pressure gradient. Fig. 22 shows a fundamental change in the
pressure distribution on the upper surface and also in the flow
pattern around the iced airfoil at a 16 angle of attack com-
pared to that of the clean airfoil. In fact, the flow separated
from the ice accumulation (around x/c  0.15) is not recovered
and will not reattach to the airfoil surface which indicates the
runback iced airfoil has stalled.
Experimental study of ice accretion effects on aerodynamic performance of an NACA 23012 airfoil 593In addition, as Fig. 23 shows at an 18 angle of attack, due
to a strong reverse pressure gradient, the flow separates from
the surfaces of both airfoils immediately downstream from
the leading edge prior to reaching the ice accumulation
(around x/c  0.07). This causes the pressure distribution
and the flow pattern to be similar for both the iced and clean
airfoils.
4. Discussion about the behaviors of aerodynamic coefﬁcients
Fig. 24 shows the variations of lift coefficients in terms of angle
of attack for 4 different airfoil states. It is clear from this figure
that the clean airfoil has the largest stall angle and the span-
wise ridge iced airfoil has the smallest stall angle. The stall
angles for the clean, runback ice, horn ice, and spanwise iced
ridge airfoils are almost 16, 14, 12, and 6, respectively.
Noteworthy is the extreme reduction of CLmax and astall in
the spanwise ridge iced airfoil that leads to a sensible reduction
in the aerodynamic performance of the airfoil. Whereas, the
runback iced airfoil in comparison to the clean airfoil having
a 2 reduction in the stall angle has the least adverse (negative)
effect on the lift coefficient behavior of the airfoil.
Generally, it is rather difficult and unreliable to determine
the stall angles of the airfoils, particularly the iced airfoils,
from the curves of the pressure distribution. It should be noted
that by means of pressure distribution curves, it is possible to
determine if stall (stall and post-stall) has occurred, but it isn’t
possible to find out the exact angle at which the stall has hap-
pened. To specify the exact stall angle, an airfoil’s lift coeffi-
cient variation chart in terms of angle of attack shall be
used. Discontinuity of the angles measured in the experiments,
plus the complex behavior of the flow around the iced airfoils
(particularly horn ice and spanwise ridge ice) at angles of
attack close to stall can be considered among the factors that
add to the problem of determining the exact angle at which
stall has started. For example, the pressure distribution chart
cannot be consulted for determining the stall region in the
spanwise ridge iced airfoil whose stall angle, according to the
CL-a graph, is approximately 6 (see Fig. 24). Meanwhile,
the pressure distribution on the upper surface of the airfoil
does not show any constant pressure up to the trailing edgeFig. 24 Lift coefficient variations in terms of angle of attack for
NACA 23012 airfoil.even at 8 (see Fig. 17). Generally, this issue (complex behav-
ior) can be stemmed from early mixing of the trailing edge sep-
aration region with the separation bubble downstream from
the ice, and also at higher angles (post-stall) and the transition
of the flow separation point (separation region) from the ice tip
toward the leading edge of the airfoil that creates an unre-
spectable behavior for the lift coefficient in the spanwise ridge
icing. The lift coefficient chart in Fig. 24 clearly shows that the
type and state of the flow separation in this airfoil (lack of a
specific peak around the stall angle and gentle variations in
the lift coefficient at post-stall angles) are different from those
of other airfoils.
Fig. 25 shows drag coefficient variations in terms of angle of
attack. It can be seen thatwhen airfoils stall, the drag coefficients
in all 4 types of airfoils are affected and experience a sensible rise.
Besides, at a 0 angle of attack, the drag coefficient (pressure
drag) is negligible for the clean airfoil. At a8 angle of attack,
the horn iced airfoil creates greater drag compared to other
types of airfoils and its drag coefficient is two times that of the
clean airfoil. However, at a 6 angle of attack, the drag coeffi-
cients of all types of airfoils are nearly identical. In addition,
from 0 to 6 angles of attack, the drag coefficients of the run-
back iced and horn iced airfoils are nearly identical. At positive
angles of attack below 12, the spanwise ridge iced airfoil has the
greatest drag followed by the horn iced, runback iced, and clean
airfoils in turn. While at angles of attack above 12, due to stall
effects, the drag coefficients of the horn iced and spanwise ridge
iced airfoils are nearly identical. Furthermore, at a 16 angle of
attack, due to stalling, the drag coefficient of the runback iced
airfoil is two times that of the clean airfoil. On the other hand,
since the flow pattern around airfoils becomes identical due to
flow separation at the leading edge, at angles of attack above
18, the icing effect on the drag coefficient is negligible and the
drag coefficients for all the iced and clean airfoils become nearly
identical.
Fig. 26 shows variations of pitching moment coefficient
around the leading edge in terms of angle of attack for differ-
ent states of the airfoil; it can be seen that unlike lift and drag
coefficients behaviors, the effects of the airfoil icing on the
moment coefficient are rather little. Generally, as the angle
of attack increases, the moment coefficients of all the icedFig. 25 Drag coefficient variations in terms of angle of attack
for NACA 23012 airfoil.
Fig. 26 Variations of pitching moment coefficient around
leading edge in terms of angle of attack for NACA 23012 airfoil.
594 S.G. Pouryoussefi et al.and clean airfoils decrease. The little oscillation and difference
between iced airfoils moment coefficients at high angles of
attack (above 16) are probably due to the complex behavior
of the flow around the iced airfoils (particularly horn ice and
spanwise ridge ice) at angles of attack close to stall and post-
stall.
Comparing the behavior of the flow pattern and the aero-
dynamic coefficients of the three iced airfoils with those of
the clean airfoil, it can be concluded that the icing phe-
nomenon affects the aerodynamic performance of the airfoil
in two modes. In the first mode, which occurs at low angles
of attack (before the stall condition), the effect is local. In this
case, ice accretion on the airfoil contributes to formation of a
flow separation bubble behind the ice accumulation down-
stream from the leading edge on the upper surface of the air-
foil. Furthermore, the drag coefficient (form drag) of the
airfoil increases while the coefficients of lift and moment
remain almost intact. It should be noted that as the angle of
attack increases in this mode, the separation bubble length
and the following effects of icing on the airfoil increase. Nev-
ertheless, the main effect of icing relates to the second mode
which occurs at angles of attack close to stall and post-stall
angles. In this case, the flow pattern around the airfoil as well
as the aerodynamic coefficients undergoes a fundamental
change leading to an iced airfoil with reduced aerodynamic
performance which is hazardous for flight safety. Having stud-
ied physics of the flow around the iced airfoil, it can be said
that the basic effect of icing (second mode) occurs when flow
recovery (pressure recovery) is not done on the upper surface,
due to an increase in the reverse pressure gradient at high
angles of attack, and the separated flow from the ice accumu-
lation tip will not reattach to the airfoil surface. On the other
hand, in this case, there is neither a separation bubble on the
leading edge, nor a reattachment point downstream from the
ice accumulation. It is notable that the beginning of this phe-
nomenon (second mode) is usually concurrent with the sudden
transition of the flow separation point from around the airfoil
trailing edge to the ice accumulation tip. In fact, the airfoil
trailing edge separation mixes with the icing separation bubble
simultaneously. As the iced airfoil reaches to the second mode,
the drag coefficient increases abruptly, but the moment coeffi-cient undergoes a little oscillation. In addition, sensible reduc-
tions in the stall angle and the maximum lift coefficient are
among the effects of icing in this mode.
5. Conclusions
In this research, the effects of ice accretion on an NACA 23012
airfoil at a Reynolds number of 0.6  106 have been studied in
a wind tunnel for horn, runback, and spanwise ridge ice at dif-
ferent angles of attack. Generally, the icing phenomenon
affects both the flow around the airfoil and the aerodynamic
coefficients greatly and contributes to formation of a laminar
separation bubble downstream from the leading edge on the
upper surface of the airfoil. Reduced aerodynamic perfor-
mances of the airfoil including sensible increase in the drag,
decrease in the stalling angle, and remarkable reduction in
the maximum lift coefficient are among the major effects of
icing. Runback ice, compared to other types of icing, has the
least effect on the flow around the airfoil as well as the aerody-
namic coefficients in such a way that the stalling angle and the
maximum lift coefficient reduce 2 and 8%, respectively. How-
ever, at a 16 angle of attack, due to stalling, the drag coeffi-
cient of the runback iced airfoil is two times that of the
clean one. On the other hand, the stalling angle and the max-
imum lift coefficient experience 10 and 50% reductions,
respectively, when spanwise ridge ice is considered which is
hazardous for an airplane. Furthermore, for horn ice, the stal-
ling angle and the maximum lift coefficient decrease about 4
and 21%, respectively. Besides, compared to the clean airfoil,
horn ice increases the drag coefficient about 110% at highly
negative angles of attack (8). Whereas, at positive angles
of attack, the drag coefficient of the iced airfoil can increase
up to 6.7 times compared to that of the clean airfoil at a 6
angle of attack and 3.5 times compared to that of the clean air-
foil at a 12 angle of attack. Eventually, it is found that the ice
accretion affects the aerodynamic performance of the airfoils
in two modes: (1) local effect, and (2) basic effect. Moreover,
it can be concluded that in comparison to horn ice, spanwise
ridge ice has more negative effects on the aerodynamic perfor-
mance. This can reflect the importance of reliable operation of
anti-icing systems on the leading edge of a wing. In fact, unre-
liable operation of these systems can be more dangerous than
their failure to operate, because as ice accretes behind these
systems, spanwise ridge ice is formed.
Finally, it is suggested that to get a better perception of the
flow pattern as well as the characteristics of the separation
bubble, flow visualization methods such as smoke visualization
and/or PIV technique need to be used. In addition, the flow
pattern around an iced airfoil could be examined by numerical
simulations. On the other hand, it is suggested that the mech-
anism of icing effect on the aerodynamic performance of an
airfoil, which is presented in this study, can be employed for
other types of iced airfoils and its generalization be verified.
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